Experimental investigation of shear-driven water film flows on horizontal metal plate ', Experimental Thermal and Fluid Science, Abstract: In this article, an experimental investigation has been conducted to characterize the instantaneous thickness of the surface water film driven by high-speed airflow pertinent to aerodynamic icing and anti-icing modeling.
Introduction
Structural and aircraft icing usually occurs when supercooled droplets from clouds impact on the cold surface, causing performance degradation and even serious threat to safety [1, 2] . Droplets may freeze directly after impingement at lower temperature, building up fluffy rime ice. However, droplets may not completely freeze when the latent heat cannot be rapidly released into the ambient under glaze icing condition, or when the anti-icing system is working. The unfrozen part will redistribute the surface water, resulting in the accumulation of the ice outside the impingement area or protection area, severely changing the aerodynamic shape [3, 4] .
At the same time, the disturbance on the interface between the air and water would introduce additional surface roughness [5] , resulting in disturbed boundary layer flow and instability factor during ice accretion process. For the above reasons, the presence of the liquid water on the aerodynamic surface does not only raise the danger caused by the ice accretion, but also make the icing/anti-icing modeling more complex.
Messinger [6] model was the first successful trial to consider the flow of the liquid water in predicting the ice accretion, and it was widely applied in numerical simulations. The developed model assumed that the unfrozen part completely went downstream due to the mass conservation, regardless of the shape state of the surface water. Through high speed videos taken in wind tunnel experiments [7, 8] , it was observed that the water mass could be in a bead, film or rivulet state as a consequence of the presence of the water remaining stationary on the surface. The impinging droplets form beads on the surface, and then their water content is removed by wind or gravity. If much more water is present on the surface, the beads would coalesce into water film. The rivulets appear by the runback of the deformed beads, or the breakoff of the film beyond the collection area of the impinging droplets. Based on the experimental observations, several improvements have been proposed and examined from both a computational and analytical viewpoint [9, 10, 11] . But still some assumptions and approximations such as undisturbed boundary layer and uniform shear stress were made in their models, which introduced various limitations on the applicability of the predictions. To reveal the micro-physical mechanism and inherent laws behind the water transport behavior, some experimental investigations were carried out aiming at different water states respectively. For the bead, force analysis, shedding correlation and coalescence were obtained corresponding to the surface wettability, wind speed and bead volume [12, 13] . For the rivulet, the formation and breakoff criteria were studied, as well as the thickness, width and interval under different flow rate and wind speed were investigated [14, 15] . With respect to the film, which is frequently accounted for the main part on the airfoil surface, Feo and Tsao [16] obtained the film thickness at stagnation point using conductance sensor for the sake of scaling calculation. Muzik et al. [17] and Alzaili and Hammond [18] recorded the superficial images of the continuous film. Zhang et al. [19, 20] developed a technique based on the digital image projection (DIP) to observe the film thickness on an airfoil. It was concluded from their experimental results that the thickness of the film was at micro scale and accompanied with high-frequency fluctuations, but the correlation between the film flowing and effect factors was still absent.
There are several characteristics of the water film, such as micro-scale thickness, complex interfacial waves, high-reflective surface, fast variation in time and space and easiness to be disturbed, which make the measurement of the thickness complicated. Although it was full of challenges, extensive investigations have been done regarding the liquid film issues using various techniques. Examples include the capacitance probe [21] , laser focus displacement meter [22, 23] , planar laser-induced fluorescence imaging [24, 25] , conductance method [26] , and optical measurement method [27, 28] . Majority of the previous experiments considered the gravity driven films or the two-phase flow in a vertical or horizontal tube, while few attentions were paid on the shear-driven film on the outer surface of the components. For shear-driven film flow in a large-scale space, which means the influence of the side and top walls could be neglected, there are few experimental results reported in the open literatures [25, 29] . Besides, a low dependency on the geometry of the flow duct is ideal for the validation of a computational fluid dynamic (CFD) code.
A flow model of the water film under aircraft icing condition has been derived by Myers [30, 31] , in which multiple effect factors are obtained, including ambient pressure, surface tension, gravity and shear stress. Myers' model was then applied in glaze icing, runback ice ridge and anti-icing simulations [32, 33, 34, 35] . Among the several effect factors, interfacial shear stress was found to be a key factor to calculate the local film thickness, but it is difficult to be evaluated due to lack of the measured data. The most common substitute in CFD computations was the wall friction stress in boundary layer of the airflow, which was evaluated from the control volumes of the first layer near the body. Considering that the superficial fluctuations between the gas and liquid phases would strengthen the interfacial shear. Karev et al. [36] and Du et al.
[33] applied the correlations from experiments of the stratified flow. In regarding to the surface roughness, the interval and height of the interfacial waves were usually used as the characterization. Ueno and Farzaneh [37] separated the interfacial fluctuations from mean film thickness, and solved out the wavelength and amplification factor on the basis of the stability analysis theory. The recent study implemented by Rothmyers [38, 39] was to perform a simulation on the fully interaction of the air-water-ice field with surface waves and ice roughness presented.
However, rather than these iteration modeling, an explicit empirical correlation for the superficial roughness was preferred in practical application [11] .
It appears from the previous investigations that the water film flow plays an important role in aerodynamic icing and anti-icing problems, and the effect of the water film has been taken into account in recent prediction models. From an engineering perspective, however, there are still several hypotheses and speculations behind these models, especially the magnitude of the interfacial shear stress and the structure of the superficial fluctuations. More efforts need to be made for the experiments on the wind-driven film flows and on the outer surface of the structure.
As such, the present research work aims to investigate the local instantaneous thickness of the film sheared by a high-speed airflow on a horizontal substrate. The motivation behind this work is to quantitatively understand the microphysical phenomenon behind the surface water transport behavior. The experimental apparatus and measurement method are described in Section 2, and the results are presented and analyzed in Section 3 ordered by time-dependent traces, mean film thickness and wave characteristics. Conclusions are summarized in Section 4. The working fluid, distilled water, is driven by a submersible pump and passes through a supplement vessel before entering the test section at a distance of 55 mm from the inlet of test section. The water flow-rate was measured by pre-calibrated rotameter with an accuracy of 5%. The supplement vessel is made of Plexiglas which is ideal for sealing due to its unwettability. The distilled water slowly rises into the test section through a 100 mm length groove with a rounded edge at downstream side, and then flows forward along the aluminum surface driven by the airflow. At the end of the test plane, liquid is collected in a trap through a slot at the bottom of the substrate, which is filled with an absorbent sponge material to capture the water and prevent suction of the air. As an addition, an interception net is mounted at the end of the diffuser section to reduce the trouble caused by entrained droplets, but this part of water is not recycled.
Experimental apparatus and methods

Experiments
The film thickness was measured using a laser focus displacement meter (ACR-HNDS100 produced by Schmitt Industries, Inc.) based on the chromatic aberrations technique. The sensor consists of a control unit and a measure head Reynolds number in the current range, a continuous film would be expected on the aluminum substrate. The surface of the aluminum was polished and cleaned with 95% alcohol before each group of tests. Initially, the distilled water was pumped into the supplied vessel. As soon as the wind speed reached a steady state, the water in the vessel was pumped into the test section through the groove. As a stable shear-driven liquid film was formed on the test surface, the sensor started to measure the film thickness. Each group of the experiments was repeated three times, and the results were averaged over the three repeats.
Results and discussion
Instantaneous film thickness
In this section, the local instantaneous film thickness recorded by the sensor will be used to provide an insight of the interfacial structure and its variation under For some cases of high Ua and Ref, the entrained droplets were observed at the exit of the wind-tunnel. In order to evaluate the effect of the entrainment, the obtained experimental data were compared to the drop entrainment criteria from the work of Ishii and Grolmes [40] , which was derived based on the force balance and stability theory, thus independent with the shape and size of the substrate. Comparison shows that the entrainment mainly occurs as the type of the roll-wave breakup, which means the tops of the large amplitude roll waves are sheared off from the crests by the high-speed gas stream. It was observed that the entrainment phenomenon was only dominative at the conditions when Ua was larger than 36.5 m/s and Ref was larger than 77, which is consistent with Ishii's correlation. Besides, the entrained droplets were generally carried out by the high-speed airflow in horizontal plate experiment.
Therefore, the following analysis will be concentrated on the residual surface water films, which is also the concern in structure and aircraft icing study. decreasing Ua are reflected not only in frequency but also in shape, the wider shape at smaller Ua indicates slower speed of the large wave. 
Mean film thickness and superficial roughness
where g is the magnitude of the gravity acceleration, τi is the interfacial shear stress, ρl and μl are the density and dynamic viscosity, respectively, and Q is the liquid fluid flux per unit width. α is the inclined angle of the substrate. For horizontal cases, α = 0, the film thickness is given as:
It can be seen that the dynamic viscosity of liquid (μl) and the flow rate (Q) are both accessible parameters, as μl can be obtained from temperature, and Q equals flow-in water. Therefore, τi becomes the key factor to determine the film thickness.
Based on the aerodynamic force formula, the shear force at the interface can be expressed by an interfacial friction factor:
where fi is the interfacial shear factor, Ua is the wind speed, and C is the phase velocity of the superficial waves. It was reasonably assumed here that Ua >> C for the interval cover by the wind speed and flow rate in this study [41, 42, 43] . Then the calculation of the interfacial shear stress will be 
where Rea=Ua·L/νa, and νa is viscosity of air, L is the characteristic length and equals to the downstream distance here.
(ii) Stratified flow model
To take account the effect of the superficial fluctuations on the air shear, improvements were made through introducing the correlations in existed stratified flow experiments [33, 36] These substitute models were validated through the macroscopic results, thus the error introduced by the interfacial shear factor could not be easily evaluated. Since even minor surface perturbations will lead to a considerable influence on the air boundary flow and would increase the interfacial shear stress, the best way to access the interfacial shear stress is by experiment.
Interfacial shear factor fi was evaluated by substituting the results of mean film thickness as well as the corresponding value of Ua and Q into Eq. A comparison was made between the present work and the predictions implemented in previous studies described in Section 2. The comparison with experimental results using wall friction factor (Eq. 5) for interfacial shear factor is plotted in Fig. 8(a) , indicating that the mean film thickness is seriously over-predicted.
It means that the effect of the shear stress is undervalued if the superficial fluctuations are neglected. As a consequence, the transport velocity of the water film will be slower than the actual value, and overmuch mass is evaluated as residual surface water.
Using the Stratified flow model in Eq. (6), Fig. 8(b) indicates that the prediction results are ameliorated compared to the case using wall friction factor. But the film thickness is still over-predicted; it indicates that the interfacial shear stress in the stratified flow experiment is relatively smaller than that of the present experiment.
This may be explained by the different shapes of the solid substrate between the two experiments. In references, the working fluid generally flowed inside the tube or duct and the liquid was limited by the side walls. The present experiment was conducted for a film flowing on a flat plane and the film was apart away from the side walls, which prevented the trend of liquid to gather. [48] , which is for a downward annular film flow under gas shear stress, has the same tendency with the present results, but the thickness of the downward film is overall smaller than that of horizontal flow. An important characteristic of the intensity of the film fluctuations is the root-mean-square (RMS), which can be calculated using
where n is the number of the collected values of the film thickness. Fig. 10 depicts the RMS results respectively as a function of (a) the wind speed U a and (b) film Reynolds number Re f . It can be seen that the variation trends of the roughness height are consistent with that of the mean film thickness, while the roughness varies more intensely. The minimum value of RMS is about 7.6 μm, which is about a half of the minimum mean film thickness. Then RMS increased strongly with increasing Re f and decreasing U a due to the additional large amplitude waves, and became even a little higher than  in the cases of thick films. Therefore, it is reasonable to establish the correlations between the RMS and mean film thickness separately for the '3D wave' regime and 'roll wave' regime. Since the film thickness has an important effect on the wave parttern [49] ,  = 44 μm is selected as the transition point. Therefore, a piecewise linear relationship between the superficial roughness and mean film thickness can be employed as:
As shown in Fig. 11 , the correlation gives a relative error within ±20%. 
Statistical characteristic of waves
In order to provide detailed information on the shear-driven film and considering that new models regarding the interfacial wave may need support of the measured data (examples include surface roughness model and relating the instability of the ice growth rate with the interfacial waves), this paper presents a quantified statistical work on the waves. The statistical study of the waves has been obtained in two ways:
① by carrying out a power spectral density (PSD) analysis on the film thickness signals and ② by division of the film thickness data between underlying film and large waves.
Spectrum analysis
The dominant frequency of the film thickness signal were obtained by PSD analysis on the temporal film thickness traces such as those in Figs. 3 and 4 . The PSD procedure was implemented using standard functions in MATLAB R2010a, and typical results of the spectrum analysis were plotted in Fig. 12 : black lines for the distribution of PSDs without windowed and averaged process, while red lines for the results using Welch's averaged periodogram method with Hamming window.
Obviously the red lines retained the distribution characteristic of PSD, and emphasized the locations of the peak value as well, thus preferred for post-processing and quantitative analysis [26] . It is accepted that the frequency of the PSD peak corresponds to the waves carrying the highest amount of the energy in the shape of the liquid film interface.
However, extra identification is needed to identify whether the frequency belongs to the larger amplitude waves (roll wave) or the more frequent, but smaller amplitude waves (ripples), when the two types of waves occur at the same time. For example, Zadrazil et al. [24] observed that the PSD peak frequency corresponds more closely to the ripples, while Setyawan et al. [50] attributed the PSD peak frequency to the frequency of the large amplitude waves. Using the temporal film thickness traces in 
Underlying film and ripples
From the viewpoint of the instantaneous thickness, the interfacial structure can be seen as the combination of underlying film with ripples and irregular large waves.
The idea behind the sections 4.3.2 ~ 3 is to separate these two structures, and respectively study their variations with the wind speed or film Reynolds number. A concept named substrate thickness δsub is introduced for the separation threshold, which is defined as the thickness appears most frequently. It means δsub is the thickness corresponding to the peak value of the probability density function (PDF).
The definitions of the thicknesses: substrate thickness δsub, mean film thickness  , and the thickness of large waves δLW, are drawn in Fig. 14 . It was found that the substrate thickness is more unchangeable with the amount of the large waves, and more suitable for identification than the mean film thickness. After a prior work of the test and comparison, the value of three times the substrate thickness δsub was selected as threshold in this work. It is confirmed that the results were not sensitive to the choice of the amplitude threshold factor within a range of 2.8~3.5. 
Large waves
The statistical results of the large waves make sense only in 'roll wave' regime, when the frequency of the large waves is larger than 5; therefore, the points in '3D
wave' regime were ignored in following figures. 
Conclusions
An experimental study was reported of the shear-driven water film flows on an aluminum substrate for the sake of the supplement for the aerodynamic icing and anti-icing modeling. The flow structures of the film were identified visually and by statistical analysis of the film thickness measurements. The variations of the local instantaneous thickness, as well as the statistical characteristics of the film (mean film thickness, superficial roughness (RMS), power spectrum density, frequency and amplitude of waves) with the wind speed and film Reynolds number were obtained and analyzed.
The experimental results of the mean film thickness were compared with that of two popular prediction models. Results showed that the previous models using substitute calculations for interfacial shear factor over-predicted the mean film thickness. It was considered due to the differences in the superficial wave and experiment solid substrate. A new correlation of the interfacial shear factor to obtain the mean film thickness was proposed. Good agreement was achieved between the present results and the models from annular flow experiments after dimensionless process. The superficial roughness, expressed as RMS of film thickness, was found highly dependent on mean film thickness, and a piecewise linear relationship between them is employed.
Spectrum analysis of the film thickness signal indicated that the frequencies of the PSD peaks preferred to vary with the wind speed rather than film Reynolds number. But spectrum analysis showed a sort of incoherency between the peak frequencies due to the transition of the flow pattern. Based on the identification of the flow structure, comprehensive analysis on the waves was presented by division of the film thickness data between underlying film and large waves. For the underlying film, it was found that the correlation between the roughness of the ripples and substrate thickness was consistent with the correlation between the superficial roughness and mean film thickness. For the large waves, the frequency monotonically increased with increasing film Reynolds number, while a transition point was observed in the variation of frequency with wind speed, which could be explained as the beginning of full-developed 'roll wave' regime; the amplitudes of large wave were normalized by the mean film thickness, with the value in the range of 4~8.
